S-nitrosylation (SNO) is a reversible protein modification that has the ability to alter the activity of target proteins. However, only a small number of SNO proteins have been found in the myocardium, and even fewer specific sites of SNO have been identified. Therefore, this study aims to characterize potential SNO sites in the myocardium. We utilized a modified version of the SNO-resin-assisted capture technique in tandem with mass spectrometry. In brief, a modified biotin switch was performed using perfused mouse heart homogenates incubated with or without the S-nitrosylating agent S-nitrosoglutathione. Our modified SNO-resin-assisted capture protocol identified 116 unique SNO-modified proteins under basal conditions, and these represent the constitutive SNO proteome. These constitutive SNO proteins are likely to be physiologically relevant targets, since nitric oxide has been shown to play an important role in the regulation of normal cardiovascular physiology. Following S-nitrosoglutathione treatment, we identified 951 unique SNO proteins, many of which contained multiple SNO sites. These proteins show the potential for SNO. This study provides novel information regarding the constitutive SNO proteome of the myocardium, as well as potential myocardial SNO sites, and yields additional information on the SNO sites for many key proteins involved in myocardial contraction, metabolism, and cellular signaling.
cardioprotection; ischemic preconditioning NITRIC OXIDE IS AN ESSENTIAL signaling molecule in the myocardium and is synthesized by three distinct isoforms of nitric oxide synthase (NOS) (37) . Neuronal NOS (NOS1) and endothelial NOS (NOS3) are constitutively expressed (2) , while inducible NOS (NOS2) is expressed during stress or pathological conditions (1) . Nitric oxide can also be produced independent from the NOS isoforms (15, 20, 25) . The nonenzymatic reduction of nitrite represents a potential NOS-independent nitric oxide source. Nitric oxide is able to affect end-target proteins through cyclic guanosine monophosphate (cGMP)-dependent and -independent signaling pathways. Nitric oxide can activate guanylate cyclase, which increases cGMP levels and activates the cGMP-dependent protein kinase (36) . Nitric oxide also has cGMP-independent effects, which include protein S-nitrosylation (SNO) (10, 12, 21) .
SNO is a reversible protein modification in which nitric oxide is covalently bound to a thiol group, leading to the formation of S-nitrosothiols (10, 12, 21) . This modification has the ability to alter the activity of target proteins, such as the L-type Ca 2ϩ channel and the sarcoplasmic reticulum Ca 2ϩ release channel (8, 28, 29, 33, 35) . In fact, we have shown that treatment with the S-nitrosylating agent S-nitrosoglutathione (GSNO), dose-dependently increased the activity of the sarcoplasmic reticulum Ca 2ϩ -ATPase and decreased mitochondrial F 1 F 0 -ATPase activity (27) . Additional S-nitrosylated proteins that have been identified include aconitate hydratase, aldehyde dehydrogenase, ␣-ketoglutarate dehydrogenase, creatine kinase, malate dehydrogenase, mitochondrial complex I, and thioredoxin (3, 5, 27) . Interestingly, GSNO has been shown to provide cardioprotective effects during ischemia-reperfusion injury (27) , and mice lacking GSNO reductase also show cardioprotection (17) . This indicates that SNO is likely to play an important role in cardioprotection.
Numerous methodologies have been developed to detect S-nitrosylated proteins (31) , such as the biotin switch (8, 14, 28, 34) , which includes two-dimensional fluorescence difference gel electrophoresis with DyLight maleimide (2D DyLight Fluor DIGE) (18, 27) , and S-nitrosocysteine antibodies (9, 13, 19) . However, few studies have identified SNO sites in complex samples (6, 11, 16) . Therefore, the goal of this study is to identify both constitutive and GSNO-modifiable SNO sites in the myocardium.
MATERIALS AND METHODS
Animals. Male C57BL/6 mice were obtained from Jackson Laboratories (Bar Harbor, ME). All animals utilized in this study were between the ages of 12 and 15 wk. This investigation conforms to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH publication no. 85-23, revised 1996) and was approved by the Institutional Laboratory Animal Care and Use Committee.
Solutions and drugs. Krebs-Henseleit buffer (KHB) consisted of the following (in mmol/l): 120 NaCl, 4.7 KCl, 1.2 NaH 2PO4, 25 NaHCO 3, 1.2 MgSO4, 10 glucose, and 1.75 CaCl2; pH 7.4. KHB was bubbled with 95% O 2/5% CO2. GSNO (Calbiochem, San Diego, CA) was used as an S-nitrosylating agent. Ascorbate (Sigma, St. Louis, MO) was used as an SNO-specific reducing agent. Dithiothreitol (DTT; Pierce, Rockford, IL) was used as a reducing agent. All solutions were made fresh on the day of experimentation.
Whole heart homogenate preparation. Whole mouse heart homogenates were prepared as described previously (18, 27) . Briefly, hearts were Langendorff perfused with KHB in the dark for 60 min. At the end of the perfusion period, hearts were snap frozen in liquid nitrogen. All subsequent procedures were performed in the dark. Each heart was then powdered on liquid nitrogen with a mortar and pestle. Powdered hearts were resuspended in 1.5 ml of homogenization buffer containing the following (in mmol/l): 300 sucrose, 250 HEPES-NaOH (pH 7.7), 1 EDTA, and 0.1 neocuproine. An EDTA-free protease inhibitor tablet (Roche Diagnostics, Indianapolis, IN) was introduced just before use. Samples were then homogenized via Dounce glass homogenization on ice and centrifuged at 1,000 g for 2 min. The supernatant was recovered as total whole heart homogenate. Protein concentration was determined using the Bradford protein assay.
Protein SNO and modified biotin switch. A modified version of the biotin switch was performed as previously described (see Fig. 1 ) (14) . Briefly, samples [i.e., whole heart homogenate, bovine serum albumin (BSA), glyceraldehyde-3-phosphate dehydrogenase (GAPDH)] were diluted in HEN buffer containing the following (in mmol/l): 250 HEPES-NaOH 7.7, 1 EDTA, and 0.1 neocuproine, with 2.5% SDS (wt/vol) and an EDTA-free protease inhibitor tablet (Roche Diagnostics). Samples were incubated with 1 mmol/l GSNO for 30 min at room temperature; GSNO was removed via cold acetone precipitation (Ϫ20°C). Samples were then resuspended in HEN with 2.5% SDS and treated with 50 mmol/l N-ethylmaleimide (NEM; Sigma) for 20 min at 50°C with gentle vortexing every 5 min to block free thiol groups from modification; NEM was removed via cold acetone precipitation (Ϫ20°C). Finally, samples were resuspended in HEN with 1% SDS (wt/vol), and treated with ascorbate (Sigma) to reduce SNO cysteine residues, followed by one of the identification strategies listed below.
SNO protein identification and site determination with DyLight maleimide. BSA (200 g) was treated with GSNO and the modified biotin switch, as described above. Following incubation with 1 mmol/l ascorbate (Sigma), BSA was labeled with DyLight488 maleimide (Pierce) for 1 h at room temperature; DyLight 488 was removed via cold acetone precipitation (Ϫ20°C). BSA was then subjected to trypsin digestion (sequencing grade modified; Promega, Madison, WI) overnight at 37°C with agitation in buffer containing the following (in mmol/l): 50 NH 4HCO3 and 1 EDTA. Trypsin-digested peptides were concentrated via speedvac. Peptides were then resuspended in 0.1% formic acid (vol/vol) and cleaned with a C 18 column (ZipTip; Millipore, Billerica, MA). Matrix-assisted laser desorption/ionizationtime of flight tandem mass spectrometry (MALDI-TOF/TOF) was then performed using a 4700 Proteomics Discovery System (Applied Biosystems, Foster City, CA). A purified cysteine-containing peptide (H6387: His-Cys-Lys-Phe-Trp-Trp; Sigma) was also subjected to an identical procedure. However, the peptide was not treated with GSNO, blocking reagent, or ascorbate because of the difficulty in removing the various reagents (i.e., GSNO, NEM, etc.). Instead, the peptide was simply incubated with DyLight488 maleimide at a ratio of 1.1 mmol/l H6387 peptide to 40 mol/l DyLight488 maleimide. In this particular instance, the DyLight488 was bound directly to the free cysteine residue of the peptide, thus negating the need for the biotin switch. Peptides were then cleaned with a C 18 column (ZipTip; Millipore). Mass spectrometry (MS) was performed via direct infusion using an LTQ Orbitrap XL mass spectrometer (Thermo Fisher Scientific, San Jose, CA), as described below.
SNO protein identification and site determination with SNO-resinassisted capture. A modified version of the SNO-resin-assisted capture (SNO-RAC) protocol was developed to examine SNO (6) . Samples (whole heart homogenate; 1 mg) were treated with GSNO and the modified biotin switch, as described above. Samples were then resuspended in HEN with 1% SDS (HENS). All buffers were degassed before use with the SNO-RAC protocol to prevent oxidation of the resin. Thiopropyl sepharose resin (GE Healthcare, Piscataway, NJ) was rehydrated for 25 min in diethyl pyrocarbonate (DEPC) H 2O. Following rehydration, 25 l of the resin slurry were added to a Handee Mini Spin Column (Pierce) and washed with 5 ϫ 0.5 ml DEPC H 2O, followed by 10 ϫ 0.5 ml HEN buffer. Blocked samples were then added to the thiopropyl sepharose-containing spin column, along with 20 mmol/l ascorbate, and rotated for 4 h in the dark at room temperature. Resin-bound proteins were then washed with 8 ϫ 0.5 ml HENS buffer, followed by 4 ϫ 0.5 ml HENS buffer diluted 1:10. Samples were then subjected to trypsin digestion (sequencing grade modified; Promega) overnight at 37°C with rotation in buffer containing the following (in mmol/l): 50 NH 4HCO3 and 1 EDTA. Resinbound peptides were then washed with 5 ϫ 0.5 ml HENS buffer diluted 1:10, 5 ϫ 0.5 ml 2 mol/l NaCl, 5 ϫ 0.5 ml 80% acetonitrile (vol/vol)-0.1% trifluoroacetic acid (vol/vol), and 5 ϫ 0.5 ml HEN buffer diluted 1:10. Peptides were eluted for 30 min at room temperature in elution buffer containing the following (in mmol/l): 20 DTT, 10 NH4HCO3, and 50% methanol (vol/vol). The resin was then washed with an additional volume of elution buffer, followed by two volumes of DEPC H2O. All fractions were combined and concentrated via speedvac. Samples were then resuspended in 0.1% formic acid and cleaned with a C18 column (ZipTip; Millipore). Liquid chromatography-tandem MS (LC-MS/MS) was then performed using an LTQ Orbitrap Velos mass spectrometer (Thermo Fisher Scientific), as described below. Each of four biological replicates was run in triplicate to increase protein/peptide identifications. The MASCOT database search function was used for protein identification, as described below.
Several control experiments were performed to confirm the specificity of the modified SNO-RAC protocol. As a positive control, we repeated the same procedure with purified GAPDH (Sigma). In a separate set of experiments with whole heart homogenates, DTT was omitted from the elution buffer as a negative control; ascorbate was also omitted from the procedure as a negative control. As an additional negative control, samples were treated with 20 mmol/l ascorbate for 45 min before treatment with NEM in the SNO-RAC protocol.
LC-MS/MS analysis. LC-MS/MS was performed using either an Eksigent nano-LC 1D plus system (Dublin, CA) coupled to an LTQ Orbitrap XL mass spectrometer (Thermo Fisher Scientific), or an Eksigent nanoLC-Ultra 1D plus system coupled to an LTQ Orbitrap Velos mass spectrometer (Thermo Fisher Scientific). Both systems utilized CID fragmentation. For the LTQ Orbitrap XL, 10 l of sample (in 50% acetonitrile-0.1% formic acid) was directly infused using a 4-m-ID Pico Tip (New Objective) with a syringe pump. LTQ Orbitrap XL settings were as follows: spray voltage 1.5 kV, and full MS mass range of mass-to-charge ratio (m/z) of 200 -2,000. The LTQ Orbitrap XL was operated in a data-dependent mode [i.e., one MS1 high-resolution (30,000) scan for precursor ions, followed by six data-dependent MS/MS scans for precursor ions above a threshold ion count of 2,000 with collision energy of 35%]. For the LTQ Orbitrap Velos, peptides were first loaded onto a Zorbax 300SB-C18 trap column (Agilent) at a flow rate of 6 l/min for 6 min, and then separated on a reversed-phase PicoFrit analytical column (New Objective) using a 40-min linear gradient of 5-40% acetonitrile in 0.1% formic acid at a flow rate of 250 nl/min. LTQ Orbitrap Velos settings were as follows: spray voltage 1.5 kV, and full MS mass range of m/z 230 -2,000. The LTQ Orbitrap Velos was operated in a data-dependent mode [i.e., one MS1 high-resolution (60,000) scan for precursor ions, followed by six data-dependent MS/MS scans for precursor ions above a threshold ion count of 2,000 with collision energy of 35%].
MASCOT database search. Raw files generated from the LTQ Orbitrap Velos were analyzed using Proteome Discoverer 1.1 (Thermo Fisher Scientific) with the NIH six-processor MASCOT cluster search engine (http://biospec.nih.gov, version 2.3). The following search criteria were used: database, Swiss-Prot (Swiss Institute of Bioinformatics); taxonomy, Mus musculus (mouse); enzyme, trypsin; miscleavages, 3; variable modifications, oxidation (M), NEM (C), deamidation (NQ); MS peptide tolerance 25 ppm; MS/MS tolerance as 0.8 Da. All peptides were assigned an ion score. The ion score is a measure of how well the MS/MS spectra matches the stated peptide; higher scores represent more confident matches. Ion scores were generated as Ϫ10 ϫ log 10(P), where P represents the probability that the match is random. P is also referred to as the expectation value. A more detailed explanation of the ion score is provided in Ref. 24 . For each protein identification, the %coverage (Αcoverage) is also reported, and this represents the number of amino acid residues identified compared with the total number in the protein sequence; higher percentages represent more confident protein identifications. However, the SNO-RAC protocol enriches for cysteine-containing peptides, specifically SNO-cysteines, and, therefore, %coverage is not necessarily the best indicator for confidence in protein identifications. With the use of SNO-RAC, the ion score and the expectation value are better measures of confidence. Peptides with ion scores Ͻ25 were not accepted. Peptides were filtered at a false discovery rate of 1%, as determined by a targeted decoy database search with a significance threshold of 0.03.
Label-free peptide quantification and analysis. Relative quantification of SNO was performed using QUOIL (quantification without isotope labeling), an in-house software program designed as a labelfree approach to peptide quantification by LC-MS/MS (32) . Labelfree peptide quantification is a common approach for quantifying peptide intensity when stable-isotope labeling is not utilized (22) . This label-free approach relies on the direct comparison of peptide areaunder-the-curve peaks from each LC-MS/MS run. More specifically, a peptide's chromatogram peak in each LC-MS/MS run was reconstructed based on its precursor m/z value. Quantitative ratios were then obtained by normalizing the peptide peak areas from GSNO-treated samples against non-GSNO-treated samples. The resulting ratios reflect the relative quantity of a peptide (and hence the corresponding SNO level) in different samples, but the absolute amounts of the protein SNO cannot be determined, since unmodified protein does not bind to the column and was not measured. The ratio maximum was capped at 1,000 for this study.
Statistics. Statistical significance (P Ͻ 0.05) was determined between groups using a Student's t-test for two groups.
RESULTS
Although a number of studies have identified S-nitrosylated proteins (5, 8, 18, 27, 28, 34) , very few sites of SNO have been determined. This lack of SNO site identifications has limited the analysis of the role of SNO in myocardial function. Because of the importance of identifying sites of SNO in the myocardium, we attempted several different protocols. These protocols included the use of resin-assisted capture and DyLight maleimide labeling.
DyLight maleimide. We previously utilized a modified biotin switch method with DyLight maleimide and two-dimensional fluorescence DIGE (2D DyLight Fluor DIGE) to identify S-nitrosylated proteins (Fig. 1) . We reasoned that we should be able to determine the sites of SNO by detecting the mass addition of the DyLight maleimide via MS. Therefore, we first examined DyLight488 maleimide alone with MALDI-TOF/ TOF, to determine the exact molecular mass of the molecule.
MS revealed two different molecular masses for DyLight488 maleimide: 800 and 778 m/z. These mass differences appeared to correspond with the loss of bound Na ϩ (DyLight488 maleimide can bind up to 3 Na ϩ ). We next subjected DyLight488 maleimide-labeled purified BSA (200 g, Ϯ GSNO) to tryptic digestion and analyzed the peptides via MALDI-TOF/TOF. However, we were only able to detect very low levels of DyLight488-labeled BSA, despite the fact that we used a high level of purified starting material (200 g). Additionally, we analyzed a DyLight488 maleimide-labeled cysteine-containing peptide (1.1 mmol/l H6387 peptide: 40 mol/l DyLight488 maleimide) with static nanospray and observed a small peak that corresponded to a mass addition of 777 m/z for DyLight488 maleimide. This is consistent with the molecular mass of DyLight488 maleimide, with the loss of one Na ϩ and one H ϩ . Finally, we attempted to identify SNO sites from fluorescent spots obtained via 2D DyLight Fluor DIGE, but DyLight maleimide-labeled peptides were not detected. This may suggest that the DyLight maleimide addition may interfere with the ionization of the labeled peptide. Although we have been able to successfully identify SNO proteins utilizing 2D DyLight Fluor DIGE by extracting the fluorescent spots in the gel (18, 27) , the MS identification was based largely on peptides that did not contain cysteine residues. Thus this DyLight maleimide-labeling strategy does not appear to be particularly efficacious in the identification of SNO sites.
SNO-RAC. We next utilized a SNO-RAC protocol (Fig. 1) , which has been shown to be effective in the identification of SNO proteins and the sites of SNO formation (6). We developed a modified version of the protocol, which included several alterations to the original technique. First, we substituted NEM for methyl methanethiosulfonate (MMTS) as a blocking agent. This substitution was made because MMTS is susceptible to DTT reduction during the step in which peptides are eluted from the resin. Conversely, NEM is not affected by DTT. This is particularly important with peptides that contain multiple cysteine residues; nonmodified cysteine residues (i.e., not SNO) will remain blocked with NEM and will be detected as such by MS, thus allowing us to distinguish nonmodified cysteine residues from SNO cysteine residues (which will not be labeled with NEM) in the case of peptides that have multiple cysteines. The MMTS would be removed by DTT during the elution step, and nonmodified cysteine residues would not be distinguishable from SNO cysteine residues in peptides with multiple cysteines. Second, we used thiopropyl sepharose rather than sepharose-N-hydroxysuccinimide, because the thiopropyl sepharose resin has a much higher binding capacity. Finally, we added numerous wash steps (i.e., 2 mol/l NaCl, 80% acetonitrile-0.1% trifluoroacetic acid, etc.) to reduce nonspecific protein interaction (i.e., ionic, hydrophobic, etc.) with the thiopropyl sepharose resin. These measures all serve to enhance the specificity of the technique and increase the confidence of SNO site identification.
We first subjected whole heart homogenates (1 mg, Ϯ GSNO) to the modified SNO-RAC procedure and analyzed the tryptic peptides via LC-MS/MS. SNO-RAC detected nearly 200 different constitutive SNO sites from 116 unique proteins (Supplemental Table S1 ; the online version of this article contains supplemental data) in non-GSNO-treated samples. These SNO sites are modified in the presence of physiological levels of nitric oxide and represent the constitutive SNO proteome. These SNO proteins may also represent key targets that are regulated during normal myocardial function. Following GSNO treatment, MS yielded over 2,000 different SNO sites from 951 unique SNO proteins (Supplemental Table S2 ). Many of these proteins contain multiple sites for SNO formation (i.e., cysteine and glycine-rich protein 3 contained 14 SNO sites), while other proteins, including A kinase anchoring protein 1, were identified to have only one SNO site. Table 1 shows select protein/peptide identifications for proteins that were previously identified to be SNO with 2D DyLight Fluor DIGE (18, 27) . Label-free peptide analysis was performed on the common proteins between GSNO-treated and non-GSNO-treated samples. This label-free analysis revealed that many of the constitutive SNO proteins showed increased SNO, both at the same site and at new sites, on treatment with GSNO. For instance, SNO-RAC identified Peptides were filtered at a false discovery rate of 1%; peptides with ion scores Ͻ 25 were not accepted. M, mitochondrial isoform; C, S-nitrosylation (SNO) cysteine residue; c, N-ethylmaleimide (NEM)-blocked cysteine residue. Peptide quantitative ratio (SNO ratio) was determined via label-free peptide analysis; ratio maximum was capped at 1,000. *Peptides detected in S-nitrosoglutathione (GSNO)-treated and nontreated samples, P Ͻ 0.05 vs. non-GSNO-treated. Peptides not detected under perfusion conditions contain a blank space in the ratio column. SNO-RAC, SNO-resin-assisted capture; 2D DyLight Fluor DIGE, two-dimensional fluorescence difference gel electrophoresis with DyLight maleimide; CoA, coenzyme A. two constitutive SNO sites for adenine nucleotide translocator 1 (Cys160, Cys247). With GSNO treatment, SNO-RAC detected an increase of nearly 75-fold at those same two sites and also revealed four new SNO sites. The SNO proteins identified in GSNO-treated whole heart homogenates represent potential SNO sites in the myocardium and thus show the potential for endogenous modification. All of the protein/ peptide identifications for both GSNO-treated and non-GSNOtreated homogenates can be found in the supplemental tables, which are available online. Please note that, for a small percentage of peptides identified to have multiple SNO sites, some but not all of these cysteine residues may actually be sites of oxidative modification. This possibility exists because oxidative modifications, if present on resin-bound peptides, could be reduced by DTT during the elution step, thus leaving a free cysteine residue. However, resin binding indicates at least one SNO site.
We performed several important control experiments to further demonstrate the specificity of our modified SNO-RAC protocol. As a positive control, we repeated the same procedure with purified GAPDH (200 g, Ϯ GSNO). MS identified two unique peptides (VPTPNVSVVDLTCR, IVSNASCTTNCLA PLAK), which contained three different cysteine residues (Cys150, Cys154, Cys245). These three cysteine residues correspond to the sites of SNO for GAPDH, as previously published (6) . Figure 2 shows representative MS/MS spectra for the SNO peptides of purified GAPDH. In a separate set of experiments with whole heart homogenates, DTT was omitted from the elution buffer as a negative control, and no cysteinecontaining peptides were identified. When ascorbate was omitted from the procedure, we also failed to detect any cysteinecontaining peptides. Additionally, when samples were treated with ascorbate before NEM, only eight cysteine-containing peptides were detected. Identifications from nonspecifically bound peptides (i.e., noncysteine-containing peptides) accounted for Ͻ3.6% of all peptide identifications; noncysteinecontaining peptides were filtered from the data set. These data demonstrate that the SNO-RAC technique is very specific for the identification of SNO cysteine residues.
Gene ontology and pathway analysis. To identify specific cellular compartments and key signaling pathways that may be targeted by SNO, we performed gene ontology analysis using Scaffold_3_00_3 (Proteome Software, Portland, OR). This analysis showed that SNO targets proteins in many different cellular compartments. The majority of these protein targets were identified to be cytosolic, but mitochondrial proteins also comprised a large group of SNO targets. Consistent with the Pathway analysis was performed by searching the Ingenuity Knowledge Base (genes only, species ϭ mouse) for direct and indirect relationships. All SNO site/peptide identifications from GSNO-treated samples (1% false discovery rate) were used for motif analysis. targeting of mitochondrial proteins by SNO, proteins involved with metabolism comprised a large group of targets related to biological processes. We also performed pathway analysis using Ingenuity IPA 8.7 (Ingenuity Systems, Redwood City, CA). As expected, this analysis identified many different pathways that are targeted by SNO, including myocardial contraction, metabolism, and cellular signaling ( Table 2) . Interestingly, this analysis also revealed that SNO targets many proteins involved in cell death, and these proteins are shown in Table 3 . The targeting of proteins involved in cell death may indicate a potential role for SNO in cardioprotection (27) . Interestingly, SNO of metallothionine has been shown to inhibit apoptosis in pulmonary endothelial cells (4, 30) .
Consensus SNO motif. We next examined the large number of SNO site/peptide identifications from GSNO-treated samples in an attempt to identify a potential consensus SNO motif. Motif-X (http://motif-x.med.harvard.edu) was used for motif analysis (26) 
DISCUSSION
To test whether SNO is a biologically relevant posttranslational modification, it is essential to identify specific sites. Therefore, our goal in this study was to identify constitutive SNO sites. We also used GSNO treatment to identify additional potential SNO sites. Our approach in this study was to be inclusive and identify as many potential sites as possible. Thus we have included all peptides identified from each of the four hearts used in this study. To increase identifications, samples were also run in triplicate. Additionally, we performed these studies using an Orbitrap Velos mass spectrometer, which is a highly sensitive instrument. The identification of potential SNO sites in the myocardium is particularly important, considering that we and others have shown that SNO can modify the activity of target proteins (5, (27) (28) (29) 35) , and SNO plays a critical role in cardioprotection (27) . These results also compare favorably to studies showing protein SNO in the myocardium (5, 8, 18, 27, 28, 34) , especially considering that very few studies have successfully identified sites of SNO. Here we Peptides were filtered at a false discovery rate of 1%; peptides with ion scores Ͻ 25 were not accepted. Peptide quantitative ratio (SNO ratio) was determined via label-free peptide analysis; ratio maximum was capped at 1,000. *Peptides detected in GSNO-treated and nontreated samples, P Ͻ 0.05 vs. non-GSNOtreated. Peptides not detected under perfusion conditions contain a blank space in the ratio column.
confirm the modification of many previously reported S-nitrosylated proteins (18, 23, 27) and provide specific SNO sites. More importantly, we provide the identification and modification sites for many novel S-nitrosylated proteins in the myocardium.
SNO and DyLight maleimide labeling. In previous studies, we used 2D DyLight Fluor DIGE to examine differences in protein SNO with cardioprotection (18, 27) . After picking the fluorescent spots, we were able to successfully identify many different S-nitrosylated proteins, including ATP synthase-␣, creatine kinase, malate dehydrogenase, and electron transfer flavoprotein-␣. This technique is extremely useful in identifying S-nitrosylated proteins and quantifying SNO levels, but, unfortunately, DyLight maleimide labeling does not appear to be a very effective strategy for the identification of S-nitrosothiol sites. When we examined purified BSA, we were able to detect peptides with the mass addition of DyLight maleimide, but at very low levels. This low-level detection occurred, despite the fact that we used a very high level of starting material and that the BSA was noticeably fluorescent. We also had difficulty detecting a DyLight maleimide-labeled, cysteine-containing peptide, even though we again used a high level of starting material. Finally, we failed to detect any DyLight maleimide-labeled peptides from 2D DyLight Fluor DIGE. This strategy is likely ineffective for the identification of S-nitrosylated cysteine residues in complex samples for several reasons: 1) poor ionization efficiency of DyLight maleimide-labeled peptides; 2) inefficient trypsin digestion of DyLight maleimide-labeled proteins; and/or 3) large mass addition of DyLight maleimide. This approach also requires a large amount of labeled sample. This result is not entirely surprising, given that a similar approach with CyDye maleimide was also shown to be ineffective in the identification of oxidation sites (7) .
Identification of potential SNO sites in the myocardium. Our modified version of the SNO-RAC protocol identified nearly 200 sites from 116 proteins that showed constitutive SNO in the absence of GSNO treatment, thus indicating that these modifications occurred at physiological levels of nitric oxide. Nitric oxide has been shown to play an important role in normal cardiovascular physiology (37) , thus indicating that these constitutively S-nitrosylated proteins may represent key targets that are regulated during normal myocardial function. With GSNO treatment, over 2,000 potential SNO sites from 951 unique proteins were identified, and many of these proteins contained multiple SNO sites ( Table 1 ). The proteins identified via SNO-RAC included cytosolic, membrane, and mitochondrial proteins, and many of these proteins are involved with cellular metabolism and signaling (Table 2 ). Pathway analysis revealed that SNO targets many key pathways like myocardial contraction, and even cell death ( Table 3 ). The targeting of proteins involved in cell death may lend critical insight into a potential role for SNO in cardioprotection, as SNO has been shown to inhibit apoptosis (4, 30) . Taken together, these SNO-RAC identifications represent potential SNO sites in the myocardium and show the potential for endogenous modification and regulation. Additionally, many of the constitutively modified proteins showed an increase in S-nitrosothiol formation with GSNO treatment, further supporting a role for Snitrosothiol formation in the regulation of protein function.
As a positive control, purified GAPDH was subjected to SNO-RAC analysis (Fig. 2) . Three distinct S-nitrosothiol formation sites were identified, and these are consistent with the sites previously published by Forrester et al. (6) . This technique is highly selective for S-nitrosylated proteins, as illustrated by the negative control experiments (no cysteine-containing peptides present when DTT or ascorbate was omitted, few cysteine containing peptides upon ascorbate pretreatment) and the low number of nonspecific peptide identifications (Ͻ3.6%). Therefore, our modified SNO-RAC protocol is very effective at identifying S-nitrosylated proteins and the specific sites of formation, especially compared with previous methodologies (31) , even in complex samples.
Study limitations. The methods used in the present study will tend to favor high-abundance protein identifications, which likely show higher levels of SNO. Consequently, lower abundance proteins and/or proteins with low levels of SNO may not be detected. Additionally, certain peptides just do not ionize well for one reason or another and, therefore, will not be detected by the mass spectrometer. As a result, the possibility exists for highly abundant/highly SNO peptides to be missed because of the limitations of MS. The use of a single concentration of one particular nitric oxide donor (GSNO) may also be a limiting factor in the number of SNO site identifications. In a previous study, our laboratory showed that GSNO has a Fig. 3 . Consensus S-nitrosylation (SNO) motif. Motif-X search results for a consensus SNO motif are shown. All SNO site/peptide identifications from GSNO-treated samples (1% false discovery rate) were used for motif analysis. Search parameters were as follows: central character, C; width, 13; occurrences, 20; significance, 0.000001; background, international protein index (IPC) mouse proteome. Motif score for A is 8.80, B is 7.35, and C is 6.28. The size of each amino acid character represents the probability of occurrence; larger characters are more likely to be present in the SNO motif.
dose-dependent effect on the activity of many different enzymes [i.e., sarco(endo)plasmic reticulum Ca 2ϩ -ATPase 2a, F 1 F 0 -ATPase, etc.], indicating that a dose dependency is likely to exist with GSNO-induced protein SNO (27) . In the present study, we used a high concentration of GSNO (1 mmol/l) to identify all potential SNO sites. The use of other agents (i.e., S-nitroso-N-acetyl penicillamine, peroxynitrite, etc.) may also yield slightly different SNO profiles, resulting, in part, from differences in the target reactivity. The possibility also exists for the identification of S-nitrosylated proteins in the present study, which may or may not be S-nitrosylated under more physiological conditions. Furthermore, we demonstrated that Langendorff perfusion with GSNO increased SNO of many different proteins, as determined via two-dimensional gel electrophoresis (27) . These same proteins were identified to be S-nitrosylated using the SNO-RAC protocol in our present study.
Conclusions. This study provides novel information regarding the constitutive S-nitrosothiol proteome of the murine myocardium and also provides a large number of potential SNO sites. The modified version of the SNO-RAC protocol was very successful in the identification of nearly 1,000 unique S-nitrosylated proteins, ranging from aconitate hydratase to the sarcoplasmic reticulum Ca 2ϩ -ATPase. The diverse array of S-nitrosylated proteins identified indicates that S-nitrosothiol formation likely plays a critical role in the regulation of many different cellular functions within the myocardium, including myocardial contraction, metabolism, and cellular signaling. S-nitrosothiol formation is also likely to play an important role in cardioprotection, given that GSNO is a cardioprotective agent and appears to target many different proteins that are involved in cell death. Furthermore, this modified protocol can be applied to any organ or cell type and can also be used to examine SNO during disease states and with various drug treatments, thus yielding a valuable research tool for the identification of S-nitrosothiols.
